Island groundwater resources are very sensitive to climate change and variability; they are also sensitive t o non-climate stresses and anthropogenic environmental alteration. Although the basic principles of these sensitivities are known, local geologic and environmental conditions exert strong controls over the nature and vulnerability of the resource. For this reason, and because accurate local predictions of future climate cannot currently be made, a practical but comprehensive water-resource assessment is a necessary first step in preparing for future environmental changes of all types.
INTRODUCTION
In order to discuss the effects of climatic factors on island groundwater resources, it is useful to use a water balance (or budget) approach. The steps followed i n this paper are: 1) to establish the basic relationships and concepts; 2) to define the terms and processes in the context of small-island hydrogeology; and 3) to discuss how climate and other environmental factors control the various terms in the water balance equation and how the resource will respond to changes in them. As a concluding step, recommendations are made concerning practical approaches t o assessment of groundwater resources, resource vuln e r a b i l i t y, a n d r e s o u r c e p r o t e c t i o n . Discussions o f global-climate change a r e based on the findings of the Intergovernmental Panel on Climate Change (Houghton et al., 1990) . Discussions are specifically oriented toward coral reef islands (atolls and cays), although many of the general concepts are applicable to other island types as well.
THE WATER BALANCE METHOD
If we start with an island that has a certain potable groundwater inventory GW, changes in that inventory will be given by:
z.GW = RE -MX -OF -WD ( 1 ) where RE is recharge, M X is loss of potable
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Kansas Geological Survey, University of Kansas ABSTRACT fresh water by mixing with ocean water, OF is outflow, and WD is withdrawal -extraction of groundwater for human use. Recharge is given by: RE = PN -ET -RO ( 2 ) where PN is precipitation, ET is evapotranspiration, and RO is runoff (i.e., surface flow of water into the ocean or otherwise out of the recharge area).
Two distinctions between island hydrology and traditional (continental) hydrologic practices are important here. First, in continental settings there is normally no loss of groundwater by mixing, and loss of groundwater by outflow is commonly either balanced by inflow or so small relative to the inventory that it can be ignored. In such a case the sustainable yield of the system is often considered equal to the long-term average recharge (WD may = RE). Second, aquifers on small islands are influenced by factors operating at time and space scales that differ from those of continental aquifers, the water budgets o f which are commonly integrated over years or decades. In oceanic settings, heads and mixing induced by tides and waves occur at much higher frequencies than t h e seasonal and interannual variability o f precipitation; because the dimensions o f island aquifers are usually very small by continental standards, these short-range, high frequency forces can G r o u n d w a t e r Resources be very important in controlling the water balance . It is for this reason that mixing, a factor not normally considered in long-term fresh water budgets, is an important factor in small-island budgets of potable water.
Oceanic Island Groundwater If fresh water is poured onto the surface of the ocean, it rapidly mixes with the salt water. When fresh water is poured onto an ocean water surface that is contained within the pores of island sediments or rocks, the porous solid material acts as a barrier to flow and mixing. Because fresh water is less dense than seawater it will tend to float on the surface if mixing is prevented, and the two fluids will remain somewhat separate. This principle was recognized nearly a century ago by the two men whose names are associated with the Ghyben-Herzberg model of island groundwater. The traditional illustration of the principle i s a homogeneous, uniform, symmetric island made up of a porous medium that has permeability high enough to permit the infiltration and storage of groundwater, but low enough so that wave and tidal influences are insignificant. A t equilibrium, the lens-shaped body of water that forms under these idyllic conditions will, because of the density difference between fresh water and ocean water, have an average water table elevation above local mean sea level that is about 2.5% of the depth of the bottom of the ideal fresh water lens below mean sea level. For convenience in model calculations, the Dupuit assumption is often used; this states that all freshwater flow within the lens (e.g. in response to equilibrium shifts caused by additional recharge) is horizontal, with freshwater outflow occurring at the island margins, primarily in the intertidal zone. Fig. 1 i s a standard depiction of the Ghyben-Herzberg-Dupuit (GHD) i s l a n d groundwater model.
The GHD model is a horrible example of a perfectly v a l i d scientific principle transformed into a resource assessment disaster. A few islands may be symmetric, but none is homogeneous, o r has ideal permeability, o r has a truly equilibrium lens. Unfortunately, all of the deviations from ideality result in a fresh groundwater body that is both smaller and less stable over time than the model example, so the GHD model is not conservative and may be wildly optimistic in terms of 
Recharge
When rain falls onto a porous soil, i t will tend to soak in and occupy vacant pore spaces. When the pore spaces w i l l accept no more water, the soil is said to be at field capacity, and further additions will drain through under the force o f gravity. When the entire soil column has reached field capacity, continued precipitation will cause drainage into the saturated zone, or groundwater recharge (RE). Water that runs off without soaking in is lost to recharge; on the other hand, i f the island has near-surface fissures, fractures, or holes, the soil-saturation process may be short-circuited and water arriving at these preferential f l o w paths m a y b e recharged quite efficiently. A t o l l islands and coral cays, as well as some other islands o f sedimentary origin, tend t o have low relief and porous surfaces so that runoff is not a major factor in the water budget, and preferential recharge paths, if present, are usually of artificial origin. Volcanic or uplifted islands are likely to experience runoff and to have fracture-flow rather than porous-medium groundwater bodies and recharge processes.
After rain ceases, evaporation from the soil surface and extraction and transpiration of soil moisture by plants will reduce the soil moisture content below field capacity. This combined process is known as evapotranspiration (ET), and i t s rate i s controlled b y a variety of factors, the dominant ones being soil type, vegetation type and amount, temperature, humidity, and wind speed. Rain that falls while the soil is close to field capacity may be translated very efficiently into recharge, while the same amount of rain falling after a protracted dry period might result in little or no recharge. Recharge is thus extremely sensitive not only to total amount of precipitation, but also to the pattern (frequency, intensity, etc.) of rainfall, and to the climate parameters controlling ET.
Land use and land cover are also extremely important to recharge. Fig. 2 illustrates schematically some of their possible effects. Compared to recharge through a bare soil surface, heavy and deeply rooted vegetation can greatly reduce recharge. In areas of low or moderate r a i n f a l l , exposed, vegetated w a t e r surfaces such as swamps can actually result in a net loss of groundwater i f average ET exceeds average recharge. In addition, human actions can deliberately or inadvertently enhance either recharge or runoff. In Fig. 2 , a paved or consolidated area is shown concentrating the water falling over a much larger 11 area onto a very limited area of soil. This minimizes the fraction of the total water required to saturate the soil column, and greatly improves the recharge efficiency of light or sporadic rains. This effect is well known and deliberately used for groundwater collection on some atoll islands with airstrips. Of course, if the placement of the structure is such that water runs o f f into the ocean o r an area unsuitable for groundwater recharge, its effect is to enhance runoff (RO) at the expense of RE.
Groundwater Dynamics
As mentioned above, water-balance assessments in island settings do not end with recharge to the groundwater body. The potable water contained in the island 'lens' is subject to continuing depletions in addition to what humans may impose. Groundwater losses to outflow (OF) and mixing (MX) are mediated by local geologic and oceanographic conditions. Each island site must be assessed on a local basis, but even without universally-applicable models some general factors can be identified as potentially important considerations. Fig. 3 serves as a basis for illustrating and discussing some of these.
When tidal movement of water is experienced at the saltwater-freshwater interface, it results i n mixing and the formation o f a brackish transition zone. This mixing (the MX term in the water-balance equation) may also result in some cases from wave action or the fluctuations of fresh-water head due to van--WATER able recharge, b u t tidal effects commonly dominate. Although the mixing ultimately results in transport and loss of fresh water to the ocean, the most obvious loss is experienced in terms of water quality rather than absolute amount, as originally potable water is transformed into unusable brackish water. When recharge is high the flux of fresh water may stabilize both the thickness and the depth of the transition zone, but in the absence of recharge the mixing process inexorably degrades the potable water inventory. Potable groundwater resources may fluctuate seasonally and in response to interannual variations in recharge-producing precipitation (e.g., droughts). Many small or poorly-situated reef islands may have only seasonal lenses.
Most reef islands of the Indo-Pacific are situated on modern reefs that are developed on top of antecedent Pleistocene reef structures (Oberdorfer and Buddemeier, 1985) . Both the Holocene and Pleistocene reefs contain structural inhomogeneities -groove, moat, or channel systems, variations in the type of framework builders and their proportion relative to sediments, reef plate or algal ridge lithification, etc. In addition, the Pleistocene reefs may have experienced subaerial dissolution and diagenesis during the low sea levels of glacial periods. This results in highly variable distributions o f subsurface permeability, and in some cases in high permeability channels or layers that couple the ocean to the groundwater beneath all or part of the island rather than just at island margins (Herman et al., 1986) . Consequently, the ocean tidal interface intrudes into the groundwater lens, with variably increased mixing under the island. In Fig. 3 , this i s illustrated b y the increased thickness and decreased depth of the transition zone associated with the high elevation of the Pleistocene surface, i n contrast t o the greater thickness of the potable water lens where the Pleistocene formation is deeper as it slopes into the lagoon. Where lithified formations such as a well cemented reef plate are present, water quality may be good because the formation provides a barrier t o marine influences, b u t the formation m a y have low permeability and water yield be too small to be useful. Fig. 3 depicts a situation in which a subsurface cemented region creates the equivalent of a perched water body along the seaward margin of the island. In spite of the significant differences in availability of potable water, the three shallow wells (A, B, and C) in Fig. 3 will have similar heads and may have similar surface salinities, especially during periods of active recharge. Reef and island geology m a y create a groundwater body drastically different from expectations based on an idealized GHD concept. High permeability zones or layers may provide mixing zones that truncate the forma-tion of a potable water lens at rather shallow depths. They may also act to subdivide the fresh water body into an array of interconnected potable water mini-lenses, partially separated from each other by regions of higher mixing and salinity. These may have dimensions on the order of tens of metres, much smaller than island dimensions. Because of geologic controls, the greatest potable water resources may not be located in proximity to the centre of the widest part of the island, as an uncritical use of the GHD model might suggest (see, f o r example, Anthony e t al., 1989; Ayres, 1990).
The outflow (OF) term of the water balance includes three classes of processes. The most basic and ubiquitous is fresh water outflow near the island margins i n response to the water-table elevation created by the density differences. In the absence of recharge, this quasi-equilibrium outflow would eventually reduce the fresh water inventory to zero. A second relatively consistent form of groundwater outflow may be driven by net heads and pressure gradients established in the oceanic system. Currents, internal waves, surface wave set-up onto reefs or beaches, and tidal lags or ponding in lagoon systems may all create long-term net flow patterns through the porous reef structure that can entrain and displace fresh water from the groundwater system (Buddemeier, 1981; Buddemeier and Oberdorfer, 1988) . A third, highly episodic form of groundwater outflow is from the surface of a temporarily elevated water table. Because the porous medium retards the movement o f w a t e r i n response t o pressure changes, downward adjustments of the base of the lens to displace ocean water are not instantaneous when a build-up of pressure in the form o f water table elevation by recharge occurs. The disequilibrium that is created by rapid, large-scale recharge (as i n a major storm) can be relieved by lateral outflow of groundwater near the surface as well as by vertical expansion of the lens; this is a subsurface analogue o f runoff. Irregular island lenses that have a high ratio of perimeter length to area and that experience high shortterm recharge rates may lose appreciable amounts of recharge by outflow rather than accommodate the water by isostatic readjustment of the lens. Thus, there is some optimum range of rainfall frequency and intensity in terms of recharge efficiency: light or sporadic
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13 rain is ineffective, but efficiency may also be diminished with extremely intense o r protracted rains, as some of the additional recharge may be lost to outflow.
The factors contributing t o groundwater loss by mixing and outflow have only moderate sensitivity to climate. The tidal range will remain constant; however, it will be superimposed on a gradually rising sea level and will interact with currents and weather conditions that may be altered (in ways not at present reliably predictable) by climatic change. Subsurface geology is unlikely to be altered by climatic conditions, but i t is vulnerable t o human modification. I n particular, dredging or quarry operations, or subsurface construction (e.g., foundation structures f o r large buildings), can modify the coupling o f the ocean a n d t h e groundwater. S i m i l a r l y, projects such a s channel development o r causeway construction m a y modify lagoon circulation characteristics, and hence the factors controlling water level differences between lagoon and ocean.
The most reliably predictable relevant aspect of climate change is sea-level rise; the best present estimate (although with substantial uncertainty) is 20cm b y 2030, and an average of 6mm/year during the 21st century (Warrick and Oerlemans, 1990) . Although i t may seem paradoxical, one of the early effects of this may be a slight increase in island groundwater resources, since i n a layered aquifer system sea level rise effectively increases the capacity of the upper water-bearing unit .
In the longer term, however, there is serious concern about loss of groundwater resources by two mechanisms. One is increased frequency of catastrophic flooding due to storm high tides. This effect is not rigorously predictable, but its probability increases with rising sea level, and it is also influenced by any (currently unpredictable) changes in storm tracks or weather patterns. Storm flood damage is not necessarily permanent, but it may make the groundwater resource unusable at a critical time when other water resources are also disrupted. The second, and slower but seemingly more inevitable, threat is from island area loss, either by frequent tidal inundation of low-lying areas o r b y erosional loss o f shoreline. Islands stabilized under present conditions will experience increased wave and current action as sea level rises, since even if protecting reefs grow in response there will be a time lag in their response and therefore a greater average water depth adjacent to the shorelines (Buddemeier and Smith, 1988) .
Another factor t h a t m a y affect island groundwater resources i n the near term is shift in precipitation patterns. Pittock (1991 and this issue) has noted that climate models suggest that the frequency of heavy rains will increase and the frequency of light rains will decrease, regardless of changes in total rainfall. Depending on the nature o f the local rainfall regime, this could result i n either increases or decreases in the recharge, but it points out that variability o f rainfall w i l l probably increase, and with it the vulnerability of water resources that are particularly sensitive to variability.
Humans and Groundwater Quality
A major theme of the preceding discussion has been that island dwellers can and do intervene in the hydrologic cycle in important ways -primarily through land use and surface modification, but also though activities that may alter the hydrologic effects of geologic structures and oceanographic conditions. Implicit in the discussion has also been the
Groundwater Resources concern about sustainable yield (WD in the water balance equation), and how that may be affected by climate change. There are further human use considerations, illustrated in Fig.  4 .
Most reef-island groundwater is, by modern environmental protection standards, extremely vulnerable t o contamination. The water table is shallow and soils are porous, so contaminants find t h e i r way readily into the groundwater. Because groundwater lenses are often thin, withdrawal for human use comes from close to the water table. Further, because space is often at a premium, it may not be possible t o isolate or restrict the use of recharge areas as is sometimes done in continental settings. In addition, poorly managed groundwater withdrawal can increase problems of salt water contamination. As illustrated in Fig. 4 , i f withdrawals reduce the water table near or below mean sea level, the fresh water barrier to seawater encroachment is compromised and salt water may mix laterally into the lens. I f high-volume pumping is concentrated at a single point in the lens, the reduced pressure caused by water table drawdown may result i n upconing of the saline water transition zone from below. Once these problems are well established they are not immediately reversible, as residual salt remains as an aquifer contaminant even after pumping stress is removed and recharge restores the fresh water inventory. Contaminated waters represent resource loss, since i f they can be used at all, i t will only be by incurring health risks or the economic costs of treatment.
RESOURCES, VULNERABILITY AND ASSESSMENT
Climate change poses a number of threats to island environments, and one of those is certainly the possibility of diminution of water resources. However, climate change i s only one of the threats. In the short term, local human impacts and the natural variability of existing climate are probably more hazardous than the effects of climate change are likely to be for several decades. It is neither practical nor effective t o attempt t o deal with hazards on the basis of their origins rather than their processes and effects. Effective resource evaluation, management, and conservation require a clear understanding of the conditions and uses of the resources in order to avoid or compensate for threats of all sorts.
The first step of assessment is identification of present and expected future types and levels of use. Is the groundwater used for subsistence (drinking water or critical food crops)? For washing, cooling, or other important but non-life-support functions? Or is i t simply a reserve or a convenient alternative to other sources? What will the future bring -w i l l population growth and/or development increase the present types of use, or cause a change in type of usage? Is the resource fully adequate for present usage, or are there problems w i t h water quality and quantity a t times? It is important that this evaluation be conducted f o r a l l o f the components o f a water-supply system, and not for groundwater alone on the assumption that nothing else will change.
Initial water resource assessment can be done at the local government level as a planning exercise; the hydrologic and policy aspects of such an assessment are discussed in more detail by Buddemeier and Oberdorfer (1990) . If the results indicate that the resource is critically important, or that use is likely to increase dramatically in the future, or that it is margindl or limiting under present conditions, then a basic hydrologic assessment is in order. A l l too often, such assessments are either not done or are done inefficiently because they are approached as i f they were continental water resource evaluations. A n extremely useful first-stage assessment can be carried out on a local level by installing a number of drive points or dug wells (4 or 5 per hectare would be desirable), determining the tidal response o f the water table a t each location, and measuring surface salinity a t least once a month f o r a year. This, plus rainfall measurements and estimates of the amounts, rates, a n d locations o f present groundwater withdrawals can provide a very basic picture of distribution of fresh groundwater resources. Addition of a few water level recorders, a tide gauge, and an elevation survey can provide preliminary information on recharge and inventory, as well as identify island areas most vulnerable to inundation. If the questions are important and uncertainties remain high, it may be necessary to proceed with drilling and modelling (e.g., Buddemeier and Oberdorfer, 1990) , but this should be undertaken only after a thorough preliminary reconnaissance and interpretation. I t should also be remembered that although each island is unique, there are both general and regional similarities that may permit inferences to be made from water resource or geologic studies elsewhere (for example, the depth of the Pleistocene surface is likely to be about the same for all islands in a closely related group).
The potential impacts of climate change on local water resources are difficult to predict, both because the local and regional characteristics of climate change are not reliably predictable and because the dynamics o f the water systems are often poorly understood. An assessment of groundwater resources and their vulnerabilities will permit the most effective possible use of both local experience and improving scientific predictions for the development of useful plans for coping with the effects of climate change.
SUMMARY
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Climatic factors are extremely important in controlling t h e nature o f small island groundwater resources. I n addition t o the amount, frequency, and intensity of rainfall, other factors such as temperature, wind, and ocean climate aspects such as waves and currents (and i n the extreme case, storms) may all interact with and modify groundwater resources. These climatic factors, howev-er, are expressed through their interactions with local features such as tides, geologic structure, and island ecology. The resulting resources and their responses can be understood on the basis of general principles, but must be described locally f o r an accurate assessment.
Reliable local predictions of changes in hydrologically relevant climate variables are not currently available. Preparation for climate change therefore requires a good understanding of the groundwater resource and how it responds to climate and other environmental variables, so that vulnerability to possible or p r o b a b l e f u t u r e conditions c a n b e evaluated.
Global climate change is but one factor of concern in terms of resource use and planning. Although water resources may be particularly sensitive t o climate change i n the longer term, local human impacts and climate variability may be at least as important in the shorter term. A basic assessment of the nature o f the resource, needs, uses, and the entire spectrum of threats or problems is an essential starting point for systems-level resource management and protection.
